The problem of taxonomic structure and dynamics of soil, plant animal and human microbiomes is one of the most intriguing in modern microbiology. High Performance Technologies sequencing of the 16S rRNA gene allows to get much more metagenomic data, but their correct analysis and biological interpretation are still complicated, in particular with regard to the effect of selective amplification with universal primers and proper attribution of the samples. To resolve the problems, we created a special operating environment, the taxonomic space (TS), in which the sequences of 16S rRNA gene are represented by dots, geometric distance between which corresponds to the genetic distance between the sequences. Mapping the 16S-rRNA gene biodiversity data in this TS and evaluation of the microbial community as overorganism, with its integral parameters, have a number of advantages if compared to the traditional approaches. Thus, in the TS where each sequence of the 16S rRNA gene gets its own identifier of the 42 coordinates, the unattributed amplicons in any PCRlibrary can be analyzed. Although the described TS is not strictly a multi-dimensional mathematical space, in particular, its axes are interdependent, an extremely high correlation coefficients, obtained for genetic distances between sequences and their geometric counterparts, unconditionally, testify in favor of the validity of the use of TS in practice. The development of TS concept is of great importance not only in the analysis of the structure of microbial communities, but also in imvestigation of 16S rRNA genes evolution. Since the model allows to give a description for any variant, both realized and not yet realized in evolution, the issues related to the origin and divergent evolution of prokaryotes may be investigated, for example, the hypothetical center of origin can be determine, and then the TS will become an evolutionary space. As a model, we used different soil microbiomes in which the changes were induced by environmental conditions (salinity), both natural and simulated. However, the application of this approach can be extended to other complex microbiomes, particularly the microbiota in animals. Moreover, the proposed mathematical method is universal and can be used to study not only biodiversity in prokaryotes, but also the communities of eukaryotic organisms, including animals and plants, with the 18S rRNA gene as a taxonomic marker.
Biodiversity of microbial communities is investigated by different methods the most popular of which is polymorphism of 16S-rRNA genes (1) . The technology of high-performance sequencing has provided the great amount of experimental data on biodiversity allowing studying the structure and dynamics of microbial communities (2, 3) . However, this has led to some problems related to obtaining, analysis, and biological interpretation of metagenomic data (4) . This work reviews two of them.
The first problem is caused by the effect of selective amplification of 16S-rRNA sequences during multimatrix PCR with universal primers (5, 6) . The most significant effect is observed in ecosystems with substantial proportion of minor groups of microorganisms (such as soil community), which may lead to PCR-dependent distortions in the structure of microbiome, as well as complete absence of particular nucleotide sequences in PCR product. For example, G.T. Bergmann et al. (7) showed that relatively small affinity of modern universal primers to sequences of the bacterial phyla Verrucomicrobia has contributed to underestimation of their abundance in the soil (7) . Despite the fact that the problem of selective primer-dependent amplification of 16S-rRNA molecules to some extent affects any modern research, there hasn't yet been suggested any effective solution.
The second problem regards the analysis of taxonomic structure of microbial communities and its biological interpretation. The main difficulty of metagenomic data is associated with significant biodiversity of microbiomes and the presence of taxonomically non-attributable microorganisms. In various estimates, microorganisms not identified at both levels of genus and higher taxa (up to phyla) amount to more than a half of total pool of microorganisms in the community (8) . The presence of such elements complicates comparison of microbiomes composition in independent experiments and, in particular, limits the use of molecular techniques in studies including analysis of multiple samples (microbiological soil mapping, monitoring, biogeography of microbiomes, etc.).
To address these problems, the authors have developed the special operational environment for data analysis of nucleotide sequences -taxonomic space (TS) for 16S-rRNA gene. TS is a metric multidimensional space in which 16S-rRNA gene sequences are represented by points, geometric distances between these points correspond to genetic distances between the sequences (percentage of different nucleotide positions). The first version of this space was described previously (9) , though the methods used in this version didn't provide high correlation coefficients between genetic distances and their geometric analogs (r  0.3).
The present study demonstrates an alternative approach to construction of taxonomic space (TS). The first part of this work shows application of TS for assessing the selective primer-dependent PCR amplification exemplified by three pairs of universal primers for 16S-rRNA gene, the second part is using TS for evaluation of structure and dynamics of microbial communities (in saline soils).
Technique. Assessing the effect of selective primer-dependent PCR amplification, the model object was a sample of sodpodzolic soil collected in July 2007 near the village Belogorka (Leningrad region) from soil horizon A1. In summer 2009, six soil samples were collected along the salinity gradient (T1, T2, T2-3, T3, T4, T5 ; salt content in T1 -1.23 %, in T5 -0.01%) in the region of natural soil salinization (Shingirlau, Kazakhstan) investigated by a scientific expedition. Three other samples of dark brown soil typical for the region (1 -virgin soil NC, 2 and 3 -fallow soil NZ and NK) were collected in the area located 200 km away from the abovementioned region (10) . The experiment with induced soil salinization was conducted in containers filled with NK soil whose salinity was changed by introducing the solution with composition similar to that of the sample T1 (per 100 g soil: Cl  -8 mM,  SO 4 2 -12 mM, Na + -7 mM, K + -0.5 mM, Mg 2+ -2.5 mM, Ca 2+ -10 mM) to a final concentration of 3 % (w/w). Calcium salts and sulphates were introduced separately. The experiment was performed in two technical replicates (control and experiment). In the containers there was maintained constant soil humidity (60 % of full moisture capacity). Samples of the resulting soil were collected from three equidistant points (from each other and from walls of the container) and mixed in equal amounts at the stage of DNA extracts. DNA was isolated from a soil sample (0.2 g) as described (11) . The effect of selective primer-dependent amplification was assessed using the data of amplicon libraries of 16S-rRNA gene created with three pairs of universal PCR primers: fD1/rD1 (27f: 5´-AGAGTTTGATCCTGGCTC-AG-3´, 1525r: 5´-AAGGAGGTGATCCAGCC-3´) (12); fBD1/rBD1 (642f: 5´-HAATHYGTGCCAGCAGC-3´, 1445r: 5´-GTCRTCCYDCCTCCTC-3´) (13) и Eu3 (63f * : 5´-AGGCCTAACACATGCAAGTC-3´, 1494r: 5´-TACGGYTA-CCTTGTTACGAC-3´) (14) . Amplification was conducted under a standard technique (11) , resulting fragments were cloned in pAL-TA vector ("Evrogen", Russia) according to the manufacturer's protocol, the obtained constructs were used to transform competent cells of Escherichia coli (DH10B) (15) . For each pair of primers there was created a library of 16S-rRNA gene fragments (L1 -Eu3, L2 -fD1/rD1, L3 -fBD1/rBD1). The nucleotide sequence was determined using a primer FGPS (485-292) 5´-CAGCAGCCGCGGTAA-3´ (16) in an automatic sequencer SEQ8000 using the protocol recommended by the manufacturer of reagents ("Beckman Culter", USA). Alignment of sequences was performed in the program Clustal X, matrixes of genetic distances and phylogenetic trees were constructed in the program MEGA 5. Taxonomic identification of sequences was carried out on a server RDPII ( 17) .
To create libraries of 16S-rRNA gene of microbial communities of saline soils, the samples were subject to amplification with universal primers F515 and R806 to the variable regions V4 (18) . The amplification products were pyrosequenced on GS Junior ("Roche", Switzerland) according to the manufacturer's recommendations; the sequences were analyzed in the program QIIME v. 1.5.0 (19) . The resulting pool of nucleotide sequences was treated: removed service sequences, filtered, aligned, constructed matrices of genetic distances, determined taxonomic identity by means of default parameters, and performed the cluster analysis with the algorithm of "unweighted unifrac".
The significance of differences was assessed by Student's t-test and Fisher's exact test.
Results. Ana l ysi s of t a xon om i c st r uct ur e of a m pl i con l i br ar i es. Libraries of 16S-rRNA gene obtained through the use of different universal primers. Figure 1 shows location of three pairs of universal primers for 16S-rRNA gene used in creation of the libraries.
In each amplicon library, there was analyzed almost equal amount of sequences: 33 -in L1, 29 -in L2, 33 -in L3. Among these nucleotide sequences were identified representatives of the bacterial phyla Proteobacteria (32 %), Acidobacteria (26 %), Verrucomicrobia (7 %), Actinobacteria ( 4 %), Bacteroidetes (3 %), Planctomycetes (3 %), Chlamydiae (3%), Firmicutes (2%); these data were deposited in GenBank of NCBI (the National Center for Biotechnology Information) with the assigned identifiers HQ412669-HQ412763. The constructed phylogenetic tree showed uneven distribution of sequences from the three libraries about the major prokaryotic taxa (Fig. 2) . Thus, the phylum Proteobacteria was represented mainly by nucleotide sequences from L1 library most of which were members of the order Rhizobiales. In the phylum Acidobacteria, on the contrary, most of the sequences were representatives of libraries L2 and L3. Moreover, these L2 sequences were clustered mainly in Gp3 and Gp2 groups of Acidobacteria, while L3 sequences -in group Gp1. The phyla Verrucomicrobia and Chlamydiae also showed uneven distribution of nucleotide sequences ( Table 1) .
The obtained data clearly show the effect of primer-dependent amplification manifested at the level of phyla.
Structure and dynamics of microbial communities in saline soils. Salinization is one of the most significant environmental factors (20) . The dynamics of soil microbiome in conditions of natural salinization had been described previously (10) . This work was focused on a brief comparative analysis of the structure of soil microbial communities under natural and induced salinization. In all these samples there were identified representatives of 21 bacterial phyla, the most abundant of which were Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. Comparing the samples of natural and "artificial" saline soil, there were revealed some common patterns of changes in structure of these communities: in both cases, there increased the proportion of bacteria from the phyla Firmicutes and Bacteroidetes, and the said changes occurred in the same orders (Bacillales and Sphingobacteriales) and families (Balneolaceae and Bacillaceae) (Fig. 3) . In these communities, there were also observed successive saline-determinate changes: instead of typical soil Actinobacteria (Rubrobacteriaceae and Solirubrobacteriaceae) there appeared saline-resistant groups of Actinobacteria (in natural saline soil -the bacteria not identifiable at the level of family, in the soil with induced salinity -representatives of the families Nocardioidaceae and Streptomycetaceae) (Fig. 3) .
Along with common regularities in development of natural and induced salinization, these soils had some notable differences. Induced salinization caused a significant decrease in diversity of the soil microbial community. In this case, the phyla Bacteroidetes and Firmicutes were represented only by the two families -Bacillaceae and Balneolaceae. Salinization also caused a sharp reduce in number of Actinobacteria families (Fig. 3, B) . On the contrary, in the most saline sample of natural saline soil there was found much greater variety of representatives of these phyla (Fig. 3, A) . The dendrogram also shows significant differences in structure of the compared microbiomes -samples T1 and NK' appear in different clusters (Fig. 4 ). T
Taxonomic identification of 16S
A special designed multi-dimensional space -taxonomic space of 16S-rRNA gene (TS) -was applied to assess the effect of selective amplification. Earlier (9), situation of nucleotide sequences in TS had been determined in coordinates of a regular simplex. This work describes coordinates of TS as a system of reference points - -sequences of 16S-rRNA gene of particular representatives of major bacterial and archaeal taxa. The position of point in TS was set by conversion of genetic distances (proportion of different nucleotide positions, expressed as p-distance) from reference points into geometric coordinates. Thus it became possible to calculate geometric analogs (dij ') for genetic distances (dij) (Fig. 5) . To determine the optimum set of coordinates of TS, there were selected 107 sequences from the database of Ribosomal Database Project II (the largest database of 16S-rRNA gene) considering representativeness among the major bacterial and archaeal phyla. Upon these data then were computed correlation coefficients (geometrical distances) between matrices of genetic distances (dij) and their analogs calculated in TS (dij ') for all possible sets of coordinates (С n 107 , where n = 2, …, 107). The highest correlation between dij and dij ' involved a relatively small number of coordinates -from 20 to 45 (Fig. 6) . Further constructions were carried out using 42 sequences with best r values. The selected sequences were evenly distributed among 23 bacterial and 2 archaeal phyla; most of the sequences were representatives of the major bacterial phyla: Proteobacteria (7 sequences), Firmicutes (4), Actinobacteria (3), and Acidobacteria (3). This list also included members of the phyla Bacteroidetes, Chlamydiae, Deinococcus-Thermus, Nitrospirae, Spirochaetes, Thermotogae, Chlorobi, Chloroflexi, Cyanobacteria, Gemmatimonadetes, Lentisphaerae, Planctomycetes, Verrucomicrobia, OP10, TM7, WS3, SR1, Euryarchaeota, Korarchaeota.
In vest i ga t i on of a m pl i con l i br ar i es i n T S. View on the effect of primer-dependent amplification within TS.
The amplicon libraries L1, L2, L3 were visualized in TS as a "point cloud" where the effect of selective amplification was expressed by different shape and situation of these clouds reflecting particular variants of used universal primer. The effect was numerically estimated by simplest parameters describing relative position and geometry of the amplicon libraries within TS -its central point (a middle position on each coordinate axis) and variance (measure of spread relative to the center). Differences in position of the amplicon libraries within TS were determined from the calculated distances between all pairs of central points. All differences in spatial distribution of the amplicon libraries were found to be statistically significant in Student's t-test and Fisher's exact test.
For distance between central points of the amplicon libraries, t -number of axes with reliable differences between coordinates of the center point (Student's t-test), f -number of axes with reliable differences in dispersion (Fisher's exact test) . Therefore, distances between central points of the amplicon libraries suggested similarity of L2 and L3, and their fundamental difference from L1. In other words, using the universal primers D1 and BD1 (unlike Eu3) provided generally similar description of structure of the analyzed microbial community. This conclusion is consistent with history of their creation. It is known that primers fD1/rD1 were among the first used in analysis of microbial diversity (12) . Their newer analogs (considering significant changes in databases for more than a decade) -primers fBD1/rBD1 (13) . Primers Eu3 are widely used in T-RFLP analysis of microbiomes (14) , though constructions of these primers are mostly based on sequences of Proteobacteria (21) . This fact may explain why the analysis of sequences from Eu3 library revealed a significant number of 16S-rRNA genes of rhizobia -typical representatives of this phylum.
Extended estimate of differences in structure of the amplicon libraries was performed using the table showing displacement of coordinates of the central point along the axes (where displacement corresponds to the difference between two coordinates of central points). The largest shift was observed in the case of the library L1, the phylum Proteobacteria (coordinates of Sinorhizobium and Caulobacter), the minimum shift -in the pair L2-L3 (its maximum was on two Acidobacteria -Xiphinematobacter and Acidobacteria NA) ( Table 2 ). All the detected displaced points fairly well agreed with findings of the conventional approach (phylogenetic tree) whose performance also suggested that major differences in structure of the abovementioned amplicon libraries were associated with the phyla of Proteobacteria and Acidobacteria (Fig. 2, Table 1 ) .
Structure and dynamics of microbial communities of saline soils estimated by integral parameters of TS. Amplicon libraries of microbiomes of saline soils are represented in TS as "point clouds" constructed similarly to the abovementioned L1, L2, L3. In this case, their relative positions in TS (distances between central points) are considered as a measure of similarity or difference in structure of communities. Such distances were computed for all pairs regarding the variant of natural saline soil, and the maximum value was found in the compared pair of most saline sample (T1) and non-saline soil (NC) ( Table 3) .
Calculated variance of points about the central point and comparison of mean and variance in Student's t-test and Fisher's exact test confirmed reliability of differences observed in TS. Therefore, TS is fairly applicable for studying the dynamics of microbial communities.
To describe the dynamics of microbiomes in TS, there were introduced two parameters -displacement vector (direction of succession) and the angle between displacement vectors (measure of similarity of succession processes occurring in different microbial communities). The direction of the displacement vector in community corresponds to the difference between coordinates of its start and end points (central points of communities), module of the vector is equal to the distance between central points, and the angle between the vectors is calculated by scalar multiplication of the vectors.
Processes of soil salinization were estimated in TS regarding the three vectors: NCT1, NZТ1 (development of natural soil salinization) and NKNK' (development of induced soil salinization) (Fig. 7). A B Analyzing the angles between the vectors in conditions of natural and induced soil salinity, the desired values were found within the sector 90 (42 for pair NKNK´/NCT1 and 73 -for NKNK´/NZT1). Assuming the angle in this system as variable from 0 (completely similar development of communities) to 180 (diametrically opposite changes in structure of communities), it can be suggested the presence of similar patterns in development of the studied biomes. This result is in good agreement with the earlier authors' findings (comparative analysis of taxonomic structure of metagenome), where, along with significant differences, samples of saline soil had contained the bacteria from similar orders and families.
This study has revealed an important fact -trends of successions in microbiomes are detectable only in extended analysis of their taxonomic structure while being undetectable in cluster analysis commonly used for such purpose. Using displacement vectors allows several other advantages over conventional methods -simplified procedure of analysis of the dynamics of communities, comparability of communities with different nature, ranking environmental factors by strength of their impact on community.
Certainly, results of the only research don't allow a clear interpretation of angles between the vectors of microbial communities. Their precise estimate can be done upon a series of studies aimed at analysis of factors influencing the microbial community: identification of factors with unidirectional and opposite action, classification of factors by strength of impact on a microbiome, revealing correlations between magnitude of the angle and the value of impact of some particular environmental factor, etc.
Apparently, successful performance of the presented version of TS is associated with enumeration of possible combinations within the pool of coordinate axes. So, high correlation coefficients can only be achieved by using several tens of coordinates, while the previous version of TS (9) operates by only 13 reference points. The proposed alternative model allows revealing the major problems in development of TS -its dimensionality. Finding some compromise between these models is an obvious subject of further research.
Thus, it has been shown applicability of the concept of taxonomic space (TS) for solving the problems related to selective primer-dependent amplification of t16S-rRNA gene and the study of taxonomic structure of microbial communities. The developed new approaches to estimation of biodiversity -mapping biodiversity of 16S-rRNA gene within TS and representation of the microbiome as an overorganism system with inherent integral parameters -may successfully complement conventional methods due to a number of advantages. For example, the concept of TS resolves the currently unclear issue of non-attributed sequences, because in TS each sequence of 16S-rRNA gene is assigned to its own identifier linked to a set of 42 coordinates, which allows its identification in any amplicon library. It ought to be admitted that TS described in this work in strict sense is not a multi-dimensional mathematical space (in particular, axes of TS are interdependent). However, the experience of its practical application has provided extremely high correlation coefficients of pairwise genetic distances between sequences with their geometric analogs, which testifies favorably for applicability of TS. Enumeration of all possible combinations of coordinate axes is the key factor for efficient performance of this method. High correlation coefficients can only be achieved using several tens of coordinates, and, therefore, dimensionality is the major problem in construction of TS. Further development of the concept of TS may give quite important outcomes for investigations of microbial communities and knowing the evolution and history of 16S-rRNA gene. Since this model may describe any variant of its structure (including both evolutionary realized and not yet implemented), it allows discussing the issues related to origin and divergent evolution of prokaryotes, as well as unicellular and multicellular eukaryotes (in TS of 18S-rRNA gene), for example, determining the hypothetical center of origin of taxa considering TS converted into evolutionary space.
